INTRODUCTION
The vestibular system of the mammalian inner ear contains the semicircular canals (SCC), which detect angular acceleration and the otolith organs (utricle and saccule) which sense linear accelerations of the head. Mature vestibular epithelia contain mechanoreceptive hair cells, supporting cells and nerve terminals. In mouse vestibular system hair cells are first apparent at embryonic day (E) 12 and terminal mitosis is virtually complete at birth (31) . Hair bundles at the apex of the hair cell become sensitive to mechanical stimuli between E16-E17 (13) . However the rodent vestibular system is not functionally mature in neonates (4) . Hair cells have not acquired their adult morphology at birth (P0) and in the cochlea and utricle it has been shown that hair cell electrophysiological properties continue to mature for several days postnatally (11) .
Afferent calyx terminals, which innervate and define type I hair cells, are rarely seen at P0 in mouse and rat utricles, but the numbers of calyx terminals in both species increase dramatically during the first postnatal week as calyces form cup-shaped terminations around type I hair cells (10, 12, 32) .
Mature type I and type II vestibular hair cells differ markedly in their electrophysiological properties. Adult type I hair cells consistently express a low voltage activated K + conductance (G K,L ) or current (I K,I or I K,L ) which is substantially activated at the resting potential, whereas type II hair cells do not have a significant resting conductance (25, 32) . In the early postnatal period the properties of immature hair cells are more homogeneous. At P0 mouse utricle hair cells express a delayed rectifier current (I DR ) and fast inward rectifier (I K1 ) (14, 32) . In rat utricle G K,L was not found in hair cells younger than P7, but type I hair cell properties reached maturation by P16 (17) . In 4 mouse utricle G K,L appeared earlier in development and the proportion of hair cells expressing G K,L was the same at P8 as in mature animals (32) . Two types of Na + currents in developing rat utricle hair cells have also been described (35) .
Little is known about the maturation of ionic conductances in semicircular canal (SCC) hair cells and their afferent fibers. Spontaneous activity in horizontal SCC afferents was reported to increase during the first postnatal month in rats and mice (8, 9) , suggesting underlying maturation of hair cell and/or afferent electrophysiological
properties. Here we report the time course of acquisition of ionic conductances in type I hair cells non-enzymatically isolated from early postnatal and mature rodent cristae. The functional maturation of auditory hair cells has been studied in mice, gerbils and rats where hearing onset occurs at around P12 (18, 20, 24) . Eye opening occurs around P12 in mice, but later in rats (P13-P14) and gerbils (P17-21). Neuroanatomical data and behavioral testing also indicate a more protracted development of the peripheral vestibular system in rats and gerbils. Our goal is to correlate development of rodent hair cell properties with afferent maturation and other developmental milestones in the postnatal vestibular system.
MATERIALS AND METHODS

Cell dissociation
Vestibular hair cells and afferent terminals were dissociated using methods outlined previously (28 
Cell identification
Mature type I cells are amphora shaped with a constricted neck region, whereas mature type II hair cells are more cylindrical in shape. The two cell types can be distinguished by their neck to plate and neck to body ratios (30) . However during the 6 first few postnatal days in both species many immature SCC hair cells (identified by the presence of a hair bundle) were ovoid in shape as described for immature hair cells in mouse utricle (32) . Therefore it was not always possible to morphologically differentiate between type I and type II hair cells. In some instances a calyx terminal remained attached to a hair cell which could therefore be defined as a type I hair cell. The presence of G K,L also defined a type I hair cell. Other early postnatal hair cells were classified as "unknown" hair cell type. 
Electrophysiological recording and solutions
Data Analysis
Input resistance values were calculated in voltage clamp using a linear regression of a voltage vs. steady state current plot at potentials between -90 and -60 mV.
Steady-state inactivation for Na + currents were obtained using voltage protocols with 120-150 ms prepulses prior to a test pulse from a holding potential of -78 mV. Data were normalized to the peak inward Na + current and fitted with a Boltzmann function of the form (Eq. 1)
where V is the conditioning potential, V 1/2 is the half-maximum inactivation potential and S the slope factor for inactivation.
Mean values are presented ± SEM. Data were analyzed by one-way ANOVA and a post hoc test (Bonferroni) was used to determine individual differences between means.
A P value of <0.05 was considered significant. showed slowly developing currents at steps to potentials between -50 and -60 mV as shown in Fig. 2 . At steps to hyperpolarized potentials some cells also showed inward rectifying currents, but we did not study these currents in detail. At P7 some cells exhibited the resting conductance G K,L . By P10 type I hair cell morphology was evident and the majority of these hair cells (8/11) expressed G K,L as shown by deactivating currents on stepping from rest to hyperpolarized potentials (arrow, Fig. 2 ). At P21 and older ages the K + currents in morphologically identified type I hair cells were much larger ( Fig. 2) . At P25 the peak outward current amplitude at 0 mV was 4.2 ± 1.1 nA (mean ± SD, n = 10) compared with 3.3 ± 1.9 nA (n = 11) at P10 and 2.1 ± 1.2 nA at P6
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and P7 combined (n = 9). The type I-specific K + current I K,L therefore first makes its appearance in gerbil SCC type I hair cells at P7 and is present in a increasing numbers of cells during the second postnatal week. suggesting that hair cell size did not change (Fig. 3C ).
Appearance of G K,L is associated with a decrease in input resistance
During the first few postnatal days immature hair cells from rat and gerbil SCC express G DR and we first observed the type I-specific conductance G K,L at P6 in rat and P7 in gerbil SCC hair cells. We defined cells as having G K,L if a current was active at the holding potential of -78 mV and deactivated with hyperpolarization. A hallmark of mature type I hair cells is their low input resistance which occurs as a result of G K,L .
Previous reports have reported mean input resistances < 100 MΩ in adult type I hair cells from rat and gerbil SCC (3, 26) and in embryonic mouse utricle an input resistance of < 200 MΩ was correlated with the presence of G K,L in a sub-population of hair cells (14) .
We therefore estimated the input resistance in rat ( showed steady state inactivation (Fig. 6E) . Inward currents were not present when choline was substituted for external Na + (data not shown) confirming their identity as Na + currents (I Na ). Transient Na + currents have also been described previously in rat and mouse immature utricular hair cells (14, 19, 35) . The I-V plot in Fig. 6B shows peak inward currents measured in a gerbil hair cell (P8, unfilled symbols) and a rat hair cell (P14, filled symbols). The expression of I Na as a function of postnatal day is shown for SCC hair cells in Fig. 6C . Between P5 and P7 I Na was seen in 70-100% of cells in both species. I Na was still discernible in many type I cells between P15 and P20, but the percentage of cells expressing I Na declined during this period. We continued to observe a small but detectable transient inward current in a minority of rat SCC cells at P20 and gerbil SCC cells at P35. In rat type I cells I Na was absent by P25 and in gerbil it was gone by P42 (Fig. 6C) . Na + currents can be sensitive or insensitive to low nanomolar concentrations of the blocker tetrodotoxin (TTX) depending on the underlying subunits. In chick SCC hair cells 300 nM TTX blocked > 90 % of I Na (23) , but in rat utricular hair cells two types of I Na were described with different sensitivities to TTX (35) . We therefore tested the effects of TTX at 3 different concentrations. Following application of 50 nM TTX, I Na was reduced by a mean value of 40.2 ± 1.4 in 3 gerbil type I hair cells (2 cells at P8 and 1 at P9). At 500 nM I Na was reduced by 68.7 ± 4.4 % (n = 5, P8-P9) and the effect was reversible (Fig. 6E ). Even at higher concentrations (700-750 nM) TTX did not completely block the inward current in 2 P8 gerbil cells tested (data not shown). Based on the high concentration needed to reduce the current, I Na appears relatively insensitive 14 to TTX. I Na was also studied using an inactivation protocol where the membrane was stepped to a series of hyperpolarized potentials before the test potential to generate an inactivation curve as shown for a P6 rat type I cell and P8 gerbil cell in Fig. 6D . The mean half-inactivation (V 1/2 ) for rat hair cells between the ages of P5 and P14 was -93.7 ± 3.7 mV and the mean slope factor was 4.7 ± 0.6 mV (n = 10). For gerbil hair cells inactivation V 1/2 was -90.0 ± 1.7 mV with a mean slope factor of 6.0 ± 0.5 mV (n = 10, P8-P9). These average values are quite negative in both species, but are similar to those reported in other types of hair cell (23, 24, 35) . Apparently only a small amount of I Na would be available at the zero-current potential and hair cells would be unlikely to fire Na + -driven action potentials. Activation and inactivation kinetics of I Na were also studied. The time to peak for I Na decreased with progressive depolarizations and for a step to -8 mV was typically between 0.4-0.5 ms. The time constant for inactivation (0.36 ± 0.02 ms (n = 7) following a step to -8 mV) was also voltage dependent and decreased with depolarization as shown in Fig. 6F .
DISCUSSION
This is the first report to study developmental changes in ionic conductances in hair cells isolated from rodent semicircular canals. We compared rats and gerbils during the early postnatal period when many sensory systems including the inner ear are still undergoing maturation. Eyelid opening in Sprague-Dawley rats occurs towards the end of the second postnatal week (P13-P14), whereas eyelid opening in Mongolian gerbils occurs a few days later, between P17 and P21 (5). Rats are able to right themselves after being put on their backs by P12. The vestibular-ocular reflex is reported to be mature by week 3 (7) and the rate of spontaneous firing in rat SCC afferents increases slowly after P0 and reaches mature levels within the first postnatal month (8) . Concomitant developmental changes in SCC hair cell ionic conductances occur during this period as described here.
Developmental expression of potassium conductances G DR and G K,L
At early postnatal days all rat and gerbil SCC hair cells expressed a conventional 
Postnatal expression of sodium conductance G Na
We found a rapidly activating, rapidly inactivating inward Na + current in postnatal SCC rat and gerbil hair cells. A transient sodium current, I Na , has been described previously in hair cells from mouse and rat utricle (2, 14, 19, 35) , mouse, rat and guinea pig cochlea (20, 24, 34) and chicken vestibular system (23, 33) . In mouse utricle I Na peaked at E16-E18 and subsequently declined to almost zero at birth (14) . In rat utricle a TTX-insensitive Na + current named I Na,1 and a TTX-sensitive current I Na,2
were studied in hair cells during P0-P22 (35) . I Na,1 was present in type I hair cells and predominated in the striolar regions of the utricle, although its expression decreased dramatically after the first postnatal week (35) . We found a current with similar kinetic properties in type I hair cells from rat and gerbil SCC. We found a mean inactivation V 1/2 of approximately -90 mV in gerbil and rat SCC hair cells, similar to a mean value of -94 mV for I Na,1 in rat utricle hair cells (35) and -93 mV in neonatal rat outer hair cells (24) . Masetto et al. (2003) also described I Na in SCC hair cells from chick embryo and adults with a half-inactivation of -96 mV. I Na was reduced by ~70%, but not completely blocked by 500 nM TTX (Fig. 6D) . TTX-insensitive subunits include Na V 1.5, Na V 1.8
and Na V 1.9. Na V 1.5 subunits are likely candidates for I Na based on the current's negative inactivation and relative insensitivity to TTX. In addition Na V 1.5-like immunoreactivity was found in hair cells and calyces in rat utricular macula and mRNA for Na V 1.5 was detected in both utricle and SCC epithelia at P1 and P21 (35) . In another study of rat utricle G Na was absent in type I hair cells, but expression peaked in immature hair cells at P1 and was found in only 5% of hair cells by P21 (2) . In contrast we found that the transient inward current was present in most SCC hair cells at early postnatal days and could still be detected in about one third of rat and gerbil type I hair cells at P20 and P19
respectively. I Na was absent in rat in the fourth postnatal week, but was detected in a small number of gerbil type I cells as late as P35.
Role of innervation in development and regeneration
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Calyces form around type I hair cells during the first postnatal week. In regenerating bird vestibular epithelia, type II hair cells repopulate SCC epithelia before type I hair cells and ionic currents in hair cells are acquired in a similar pattern to that seen during development (22, 33) . It has been suggested that contact with a calyx may drive expression of the type I ion channel phenotype (6, 22) . In support of this we recorded from early postnatal hair cells which had attached calyces but lacked G K,L .
However hair cells from denervated cultures of mouse utricle showed similar developmental patterns to acutely isolated hair cells, suggesting that calyces were not required for the postnatal differentiation of type I hair cells (32) . Further studies of developing and regenerating hair cells and associated afferents are needed to elucidate synaptogenesis and underlying mechanisms important in establishing vestibular signals.
Perspectives and Significance
Postnatal 
